Homologous recombination may be used to introduce new genes or mutations into DNA viruses. Unless there is some phenotypic marker, however, it is difficult or tedious to distinguish rare plaques containing recombinant virus from the much larger number of plaques composed of parental virus. Because of the increasing importance of recombinant vaccinia viruses as tools for gene expression studies in animals and cultured cells, several different selection and screening methods have been developed. These include selection for thymidine kinase (TK)-negative and -positive phenotypes (9, 14, 23) , ,-galactosidase screening (4, 13) , dominant selective markers for neomycin (8) or mycophenolic acid (3, 7) resistance, screening for hemagglutininnegative phenotype (19) , and reversal of plaque size (16) and host range (15) mutations. While each of these methods is useful for certain purposes, each has one or more limitations such as the requirement of special cell lines or mutagenic agents, the production of a virus that either retains an extra marker gene or is attenuated due to a concomitant gene disruption, or the inability to be used in a serial fashion for introducing multiple genes without intermediate steps. Moreover, none of the above methods provide a general selection procedure applicable to the construction of sitedirected mutations.
We have employed a strategy called transient dominant selection (TDS) that may be used repeatedly to make insertions, deletions, or mutations at any site in the vaccinia virus genome. To implement this procedure, a plasmid is needed that contains the desired segment of mutated vaccinia virus DNA as well as a dominant selectable marker, such as the Escherichia coli guanine phosphoribosyltransferase (gpt) gene (12) , under the control of a vaccinia virus promoter. Such a construct differs from previous ones (3, 7) in that the marker should not be flanked by vaccinia virus DNA and hence will not be stably integrated into the vaccinia virus genome by gene conversion or double crossover events. We demonstrate the TDS method by constructing a new insertion vector, pTK53-gpt, that has gpt under the control of the vaccinia virus P7.5 early and late promoter (7) and the vaccinia virus tk gene within which is the strong vaccinia virus late P11 promoter (2) with its translation initiation codon followed by a set of unique restriction endonuclease sites (Fig. 1) vector will be TK-, this property was not used for selection and is not a requirement of the method.
To further simplify the final characterization of isolated recombinant virus plaques in these pilot experiments, the E. coli lacZ gene is present in the BamHI site of pTK53gpt-lacZ and the latter was transfected into vaccinia virus-infected cells as previously described (7) . Ten different virus isolates were plaque purified five times. The first two rounds of plaque isolation were in the presence of mycophenolic acid, xanthine, and hypoxanthine, which only allows the growth of virus that expresses E. coli gpt (7) . The next two rounds were without selection. In the final plaque assay, the virus isolates were checked for expression of gpt and tk by use of selective media (10) and for lacZ expression by color screening with X-gal (4). The results are summarized in Table 1 . None of the final isolates could grow in mycophenolic acid, indicating rapid loss of the gpt gene after plaque purification under nonselective conditions. The virus isolates 1, 5, 6, 7, and 10 were recombinants with a TK-phenotype, as indicated by their ability to plaque in the presence of 5-bromodeoxyuridine, and 3-galactosidase+, as indicated by their ability to hydrolyze X-gal and produce a blue color. In contrast, virus isolates 2, 4, 8, 9 , and 11 were parental TK+, P-
The genotypes of the virus isolates were determined by restriction endonuclease digestion of DNA and probing of Southern blots with 32P-labeled DNA fragments. Restriction endonuclease EcoRI was expected to excise the 3-kilobasepair lacZ fragment from the tk gene of recombinant viruses. We found 3-kilobase-pair EcoRI fragments that hybridized to lacZ DNA from isolates 1, 5, 6, 7, and 10 but not from isolates 2, 4, 8, 9, and 11 ( Fig. 2) . A control hybridization with a vaccinia virus tk DNA probe, in addition to the lacZ probe, revealed the expected EcoRI fragments of about 7 and 9 kilobase pairs from both 3-galactosidase+ and ,Bgalactosidase-virus-infected cells (data not shown), con a CV-1 cells were infected with vaccinia virus strain WR and were transfected with plasmid pTK53gpt-lacZ. After 48 h, the cells were harvested and lysed. The virus was applied to BSC-1 cell monolayers in the presence of mycophenolic acid, hypoxanthine, and xanthine, and plaques were detected by staining with neutral red (7). Ten plaques of normal size and shape were picked and then reassayed a second time under selective conditions. Three more plaque purifications were carried out under nonselective conditions. The TK and ,-galactosidase (p-gal) phenotypes were determined by plaque assay in TK-cells in the presence of 5-bromodeoxyuridine and in BSC-1 cells with an X-gal overlay as described previously (4, 10).
occurs upon removal of selection, consistent with the known high frequency of intramolecular recombination in vaccinia virus-infected cells (1, 6, 11, 21) . Depending on the position of the crossover with respect to the insertion or mutation, either the desired recombinant or the parental DNA segment is retained. The relative frequency of the two types of crossovers will depend on the amount of sequence homology on either side of the mutation.
The TDS procedure is similar in principle to the transplacement method, described by Scherer (Fig. 3) . The 8-kilobase band also hybridized to lacZ DNA (data not shown), consistent with the insertion of the 3-kilobase lacZ fragment.
The simplified recombination scheme (Fig. 4) 3 . Genomic analysis of DNA from purified recombinant virus v53#1. DNAs from purified wild-type virus (WT) and from recombinant v53#1 were digested with restriction endonuclease HindIII, analyzed by agarose gel electrophoresis, transferred to a nitrocellulose membrane, and hybridized to a 32P-labeled vaccinia virus tk probe. Markers (M) are the same as those described in the legend to Fig. 2. the replacement of S. cerevisiae chromosomal segments with altered DNA sequences. In that study, the yeast transformant was grown permissively for 10 generations and then only 7 out of 900 colonies lost the selectable marker; of these, 3 were the desired recombinants. Because of the relatively low rate of intramolecular recombination in S. cerevisiae cells, specific counterselection methods are advantageous (17, 22) . In this study, we found that 10 out of 10 vaccinia virus plaques lost the selectable marker after only 3 cycles of plaque picking; of these, half were the desired recombinants, making counterselection methods less important. Screening of the relatively small number of plaques is easily accomplished by either DNA hybridization or polymerase chain reaction. The latter reaction is very convenient and can be used with only a small portion of the DNA recovered from a single plaque (Y. Zhang, personal communication).
TDS has some advantages over previous methods of isolating recombinant vaccinia viruses. For example, the absence of the selection marker from the final recombinant virus may be desirable if the latter is to be used for vaccine purposes or when gene disruptions are made in order to determine the effects on the pathogenicity of a virus. The lack of mutagenicity of the selective agent, mycophenolic acid, is also of advantage for the above uses. Moreover, the automatic loss of the selection marker gene greatly simplifies the task of inserting multiple genes in succession, since the same selection procedure can be reused each time. In addition, TDS provides a general procedure for introducing site-directed mutations into the vaccinia virus genome, since selection does not depend on the resulting phenotype. The high percentage (up to 50%) of recombinant plaques obtained by the TDS procedure might also facilitate the screen- (11) . When the plasmid is transfected into a cell that has been infected with vaccinia virus, recombination occurs. The first step is a single crossover event that results in the integration of the full-length plasmid into the genome of vaccinia virus. Because of the presence of direct repeats, a second crossover event occurs with the formation of either wild-type virus or recombinant virus containing lacZ. All three types of genomes can be packaged separately into particles and are infectious, but only virus containing the gpt gene can form plaques under selective conditions. 
ADDENDUM
After the manuscript was submitted, Spehner et al. (20) reported another way of achieving transient expression of a marker gene, in their case, ,-galactosidase, which depends on flanking the marker with direct repeats.
